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ABSTRACT 
Welding residual stresses can significantly impact the 
performance of structural components. Tensile residual stresses 
are of particular concern due to their ability to cause significant 
degradation to the PWSCC resistance of structural materials. 
The contour method is a residual stress measurement technique 
capable of generating two dimensional maps of residual stress, 
which is particularly useful when applied to welds due to the 
complex residual stress distributions that generally result. The 
two-dimensional capability of the contour method enables 
detailed visualization of complex weld residual stress fields. 
This data can be used to identify locations and magnitude of 
tensile residual stress hot-spots. This paper provides a summary 
of the contour method and presents detailed results of contour 
method measurements made on the dissimilar metal weld 
region of pressurizer relief nozzles removed from the cancelled 
WNP-3 plant in the United States as part of the NRC/EPRI 
weld residual stress (WRS) program [1]. 
 
INTRODUCTION 
 Pressure vessels and piping systems typically contain 
welded joints. In many cases these welded joints are large, 
contain significant amounts of residual stress, have reduced 
material properties (e.g., PWSCC resistance, fracture 
toughness), and contain defects. For these and other reasons, 
the welded joints tend to be critical locations in terms of design 
and performance of these systems.  
 In pressurized water reactor coolant systems, nickel based 
dissimilar metal welds (DMW) are typically used to join carbon 
steel components, including the reactor pressure vessel, to 
stainless steel piping. The dissimilar metal welds are 
particularly susceptible to primary water stress corrosion 
cracking (PWSCC). Residual stresses can have a significant 
influence on the likelihood of PWSCC and can also 
significantly affect crack growth rates.  
Historically, residual stresses have been handled very 
crudely in most design standards. This is due, in part, to the fact 
that residual stress measurements in large pressure vessel welds 
are challenging (due to large sizes, difficult environments, 
costly components, and complicated stress fields), which limits 
the number of techniques available for measurement and can 
limit the fidelity of the resulting data. Recent advances in 
residual stress measurement capability, using methods 
including the contour method [2, 3], deep hole drilling [4], 
neutron diffraction [5], and slitting [6], offer improved 
opportunities to characterize residual stress fields in thick 
welded sections. Other advances in residual stress engineering 
enable improved forecasts of residual stress fields using 
computational weld models and in the accounting of residual 
stresses in failure assessments. Together, these advances should 
enable a reduction in the level of conservatism presently 
assumed in design.  
Recently, a cooperative research program was initiated 
between the US Nuclear Regulatory Commission (NRC) and 
industry to address weld residual stress issues. The NRC and 
the Electric Power Research Institute (EPRI) signed a 
memorandum of understanding that allows and encourages 
cooperation in nuclear safety research related to DMW residual 
stress fields. One specific item of importance is the 
improvement of finite element based computational weld 
models that forecast residual stress fields. This task involves 
blind predictions and residual stress measurements to assess 
variability and determine estimates for uncertainty of DMW 
residual stress for use in probabilistic risk analyses.  
As part of the program, measurements and predictions 
were performed on five specimen types [7]. Phase I consisted 
of welded flat plate and simple welded cylinders. Phase II 
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consisted of two fabricated prototypic surge nozzle geometries. 
Phase III consisted of pressurizer relief nozzles from a canceled 
plant. Phase IV used a cold leg nozzle mock-up from a 
canceled plant. This paper presents results of contour method 
measurements performed on the Phase III nozzles.  
 
NOMENCLATURE 
t  local wall thickness of nozzle 
x, y, z rectangular coordinates 
σaxial axial stress 
σhoop hoop stress 
CONTOUR METHOD 
The contour method is a technique for measuring residual 
stress in a body [2, 3] (Figure 1). During a contour method 
measurement the part is cut into two pieces, resulting in the re-
distribution of residual stress, which leads to deformation. The 
shape (i.e., contour) of the cut surface is measured and the data 
is used to compute the initial residual stress state. The basic 
steps of a contour method measurement include: a) cutting the 
part into two pieces, b) measuring the deformation of the cut 
surface, and c) analyzing the displacement data to determine 
residual stress. The cutting step is typically performed using a 
wire electric discharge machine (EDM). Surface measurement 
is typically performed using a coordinate measuring machine 
(CMM) or laser scanning device. The computation of residual 
stress from measured displacement data is achieved through the 
use of the finite element method, where measured displacement 
data is applied as a boundary condition to a finite element 
model of the part. Solving for equilibrium in the presence of 
this boundary condition determines the initial residual stress 
present in the body.   
Over the past decade, the contour method has been used to 
measure residual stress from a variety of sources ranging from 
various welding processes [3, 8, 9] to mechanical surface 
treatments [3]. A relatively comprehensive set of data exists 
demonstrating the accuracy of contour method measurements 
versus process models [10], on specimens with well 
characterized residual stress [11], and versus other residual 
stress measurement techniques [11]. 
More recently, it has been demonstrated that the partial 
release of residual stress elsewhere in the body (away from the 
measurement plane) can be reconstructed as part of a contour 
measurement [12]. This is useful when multiple measurements 
are performed on a single sample in relatively close proximity 
to one another.  
NOZZLE SPECIMENS 
Two relief nozzles from the pressurizer of the canceled 
WNP-3 plant were used for Phase III of the weld residual stress 
program. The two nozzles were nominally similar, but one 
contained an additional section of stainless steel pipe welded to 
the stainless steel safe-end of the nozzle. A schematic of the 
nozzle configuration is shown in Figure 2. The nozzle without 
the stainless steel pipe will be called Nozzle #2, and the nozzle 
with the stainless steel pipe weld will be called Nozzle #3. 
Nozzle #2 was nominally 375 mm long with a 203 mm 
outer diameter and a 133 mm inner diameter at the location of 
the DMW (35 mm wall thickness). Nozzle #3 was 711 mm 
long with a 201 mm outer diameter and an inner diameter of 
113 mm at the location of the DMW (44 mm wall thickness). 
The two nozzles used for measurements were slightly different 
(i.e., not expected to be exact replicates) and these differences 
would be expected to cause differences in the measured 
residual stress between the two nozzles. Each nozzle had its 
DMW completed and was prepared for the subsequent stainless 
steel safe-end to pipe weld before it was removed from the 
canceled plant.  
MEASUREMENT DESCRIPTION 
In each nozzle, the contour method was used to measure a 
two-dimensional map of the hoop residual stress at two angular 
locations separated by 90° and a two-dimensional map of the 
axial residual stress at the center of the weld in section of the 
nozzle between them.  All of the contour measurement planes 
are shown in Figure 3; the contour method provides a map of 
the residual stress component normal to the plane versus 
position within the plane. Prior to the contour method 
measurements, residual stresses were measured using other 
techniques (reported elsewhere).  
Because each nozzle had multiple measurements, a 
coordinate system was defined prior to measurement work. For 
Nozzle #2, hoop residual stress measurements were performed 
at the 80° and 170° locations and the axial stress measurement 
was performed on the removed 90° segment (from 80° to 
170°). For Nozzle #3, hoop residual stress measurements were 
performed at the 70° and 160° locations and the axial stress 
measurement was performed on the removed 90° segment. 
(Note, the contour method measurement locations were 
selected to be far away from material disturbed by previous 
residual stress measurements. For this reason there is a slight 
difference in the measurement locations for each nozzle. The 
residual stress is expected to be nominally uniform around the 
circumference (except for potential start/stop effects and 
variations due to welding). Thus, the angular variation in the 
measurement plane is not expected to significantly influence 
the results.) 
For each nozzle, contour measurements were performed in 
succession with the first hoop residual stress measurement (70° 
or 80°) completed before the second hoop residual stress 
measurement, and finally the axial stress measurement.  
Due to the relative proximity of one measurement plane to 
another, each measurement affects the residual stress remaining 
in the nozzle at the locations of subsequent measurements. To 
account for the partial residual stress release from previous 
measurements, a multi-cut contour method approach was 
employed [12]. For example, the initial hoop residual stress at 
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the 170° measurement plane is the sum of the residual stress 
released at the 170° measurement plane during the 
measurement performed at 80° and the stress subsequently 
measured (remaining) at the 170° location. Because the stress 
at the 80° plane was measured, it could be used to estimate the 
stress release at 170°. A similar approach is used for the axial 
measurement planes (with two previous cuts to use for the 
correction). Strain gage data provided measured deformation 
due to prior cuts, and validated use of measured stresses to 
account for partial stress release from prior cuts. 
RESIDUAL STRESS MEASUREMENT RESULTS 
Contour plots of the measured hoop residual stress in 
Nozzle #2 are shown in Figure 4 (80°) and Figure 5 (170°). For 
clarity, only the residual stress in the region of the DMW is 
shown. Contour plots of the measured hoop residual stress in 
Nozzle #3 are shown in Figure 6 (70°) and Figure 7 (160°).  
There are many similarities in the magnitude and 
distribution of the hoop residual stress in each nozzle and at 
each measurement location. In general, significant compressive 
hoop residual stress exists on the inner diameter near the 
DMW. The region of compressive hoop residual stress grows 
larger through the butter and into the carbon steel region. 
Tensile hoop residual stress exists near the outer diameter, in a 
region that is shifted towards the stainless steel safe-end of the 
nozzle.  
For reference, a line plot of the measured hoop residual 
stress versus distance through the wall is shown for Nozzle #2 
at the 80° location (Figure 9, with line plot locations shown in 
Figure 8). Line traces are shown for the center of the DMW 
and 5 and 10 mm increments from the center of the weld in 
each direction.  
To facilitate comparison, hoop residual stress data was 
extracted from each contour plot at the center of the DMW. 
Each of the four sets of data are plotted together as a function 
of normalized distance through the wall (to account for 
variations in the wall thickness between the two nozzles) in 
Figure 10. This figure displays the relative similarity between 
the results on the four hoop residual stress measurement planes. 
The average of the two lines from each nozzle was also 
computed.  
Contour plots of the measured axial stress are shown in 
Figure 11 (Nozzle #2) and Figure 12 (Nozzle #3). A line plot of 
the axial residual stress versus position through the wall at 
three locations is shown in Figure 14 (Nozzle #2) and Figure 
15 (Nozzle #3) (representative line plot locations are shown in 
Figure 13). For comparison, the average of each of these three 
lines is included on the plot and they are plotted together in 
Figure 16.  
DISCUSSION 
The contour method has been demonstrated as a useful tool 
for measuring residual stress dissimilar metal welds. One 
attribute of a good measurement technique is the ability to 
achieve repeatable results. The nozzles used for these 
measurements were slightly different from each other 
(accounting for some of the variation between the multiple 
measurements) and are expected to have some variation in 
residual stress as a function of position around the 
circumference (variation in welding process), but the relative 
similarity between each set of data demonstrates that the 
contour method is a repeatable technique.  
These results indicate that this nozzle configuration would 
have a low propensity to PWSCC initiation and crack growth 
from the surface exposed to the coolant (ID).  In some cases the 
girth weld that attaches the SS pipe to the safe-end can reduce 
the residual stress at the DMW.  For this particular nozzle 
design the safe-end to pipe girth weld appears to have not 
effect on the residual stress in the DMW.  
A significant amount of effort in the NRC/EPRI program 
was focused on assessing the quality of computational weld 
models. Comparisons between these (and other) residual stress 
measurement results and finite element models are presented 
elsewhere [7].  
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Figure 1 – Contour method principle: (a) a body containing 
unknown residual stress is cut in half (b) the free surface 
deforms as stresses are released (c) applying the opposite 
of the deformations back to the part recovers the initial 
residual stress 
 
Figure 2 – Illustration of nozzle specimens used for residual 
stress measurement. Measurements were performed on 
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Figure 3 – Illustration of contour method measurement 
locations in the nozzles 
 
Figure 4 – Two-dimensional map of the measured hoop 
residual stress for Nozzle #2 80-degree location (Note: 
approximate weld boundaries are shown) 
 
Figure 5 – Two-dimensional map of the measured hoop 
residual stress for Nozzle #2 170-degree location 
 
Figure 6 – Two-dimensional map of the hoop residual 
stress for Nozzle #3 70-deg location 
 
Figure 7 – Two-dimensional map of the hoop residual 
stress for Nozzle #3 160-deg location 
 
Figure 8 – Two-dimensional map of the hoop residual 
stress for Nozzle #2 80-deg location showing location of 
line plots 
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Figure 9 – Line plot of hoop residual stress versus distance 
from the inner diameter for Nozzle #2 at the 80-deg location 
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Figure 10 – Line plot of hoop residual stress through the 
wall at the mid weld at Plane 1 and Plane 2 for Nozzle #2 
and Nozzle #3 
  
Figure 11 – Two-dimensional map of the measured axial 
residual stress for Nozzle #2 (80-deg to 170-deg, counter-
clockwise from x-axis) 
 
Figure 12 – Two-dimensional map of the measured axial 
residual stress for Nozzle #3 (70-deg to 160-deg, counter-
clockwise from x-axis) 
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Figure 13 – Illustration of line plot locations for the axial 
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Figure 14 – Line plot of axial residual stress through the 
wall at the mid weld at various locations in Nozzle #2 (line 
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Figure 15 – Line plot of axial residual stress through the 
wall at the mid weld at various locations in Nozzle #3 (line 
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Figure 16 – Comparison of average residual stress in 
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